The synthesis of serum albumin has been studied in hybrids between well-differentiated rat hepatoma cells, which synthesize serum albumin, and mouse fibroblasts (3T3) that do not synthesize albumin. By immunodiffusion techniques with noncrossreacting antisera, the production of both rat and mouse albumin by the hybrids has been examined. Karyologically identified hybrids were produced between 3T3 cells and cells of a Is hepatoma (Fu5) clone, and of a 2s hepatoma (2s Fu5-5cl.1E) clone. Each of the 3T3 x Fu5 hybrids produces only rat albumin. Among five 3T3 x 2s Fu5-5cl.1E hybrid clones isolated, one produces both rat and mouse albumin, two produce only mouse albumin, and two do not produce rat or mouse albumin.
It has been clearly demonstrated that a plant somatic cell contains and can express the genetic information required for the formation of an entire plant (1) . An amphibian somatic cell nucleus, when transplanted into an enucleated unfertilized egg, can promote the formation of a normal adult animal (2) . Although such an unequivocal demonstration cannot be cited for mammals, there is presumptive evidence that genetic information is not lost during their development; for example, there is no variation in chromosome number and structure in cells cultured from different organs (3) , and the DNA content of diploid cells from various tissues is similar (4) . Moreover, that genetic information is not altered or irreversibly blocked during differentiation of mammalian cells is suggested by the occasional expression by tumors originating from one tissue of characteristics limited to another tissue, as in the cases of nonendocrine tumors that produce hormones (5) . However, a similar activation of dormant genes for tissue-specific functions of mammalian cells has not been accomplished experimentally.
Since hybridization of somatic cells permits the study of interactions between two different genomes within a single nucleus, a number of hybrids have been produced between mammalian cells of different ontogenetic origins in the hope of elucidating some of the mechanisms that control differentiation (for review, see ref. 6 ). In the first such experiments, viable hybrids between pigment-producing melanoma cells and nonpigmernted fibroblasts were found to be unpigmented (7) . Several other cases of extinction of specific characterAbbreviations: RSA, rat serum albumin; MSA, mouse serum albumin. * This is the fourth paper in a series, Expression of Differentiated istics of differentiated cells have been described, and it appears that it is not due to loss of chromosomes (6, 8) . On the other hand, there are reports that in some hybrids between cells that differ in the expression of differentiated characteristics, certain of these properties are retained, for example, the production of hyaluronic acid (9) , free kappa chains of immunoglobulins (10) , and electrophysiological properties (11) . In hybrids between differently specialized cells, the specific differentiated characteristics disappear in most cases, but there are cases where they continue to be expressed, at least in part.
This paper describes studies of the production of serum albumin by hybrids between mouse fibroblasts and rat hepatoma cells. The hepatoma cells synthesize in vitro a number of proteins characteristic of the liver that include serum albumin (12) , a high activity of tyrosine aminotransferase (EC 2.6.1.5) that is inducible by steroid hormones (13) , and type B fructose-1,6-diphosphate aldolase (EC 4.1.2.7) (14) . The subtetraploid mouse fibroblasts of line 3T3 (15) , derived from a mouse embryo, synthesize collagen at a level comparable to that synthesized by normal diploid fibroblasts (16) . The 3T3 cells have a very low tyrosine aminotransferase activity that is not inducible, they lack the type B aldolase and do not synthesize albumint. In earlier reports of this series, it has been shown that rat hepatoma-mouse fibroblast hybrids fail to express two of the properties of the hepatoma parent, type B aldolase (14) and high activity and inducibility of tyrosine aminotransferase (13) .
In the present experiments, using specific antisera that do not crossreact, we have examined not only whether the hepatoma genome continues to direct the synthesis of rat albumin (RSA) in the hybrids, but also whether the mouse fibroblast genome can be induced to produce mouse albumin (MSA).
MATERIALS AND METHODS
All cultures were maintained in modified (20) F12 (21) medium containing 5% fetal-calf serum (13) .
The origins and karyotypes of 3T3 (clone 4E, mouse fibroblasts), Fu5 (rat hepatoma cells), and eight clones of 3T3 x Fu5 hybrids have been described (13) . 2s Fu5-5cl.1E t Most evidence indicates that serum albumin is synthesized uniquely by the liver (17) . The reports that it is synthesized by chick mesenchymal cells and HeLa cells (18) have recently been seriously contested (19) . 571 ,ug/mD); rat albumin (R'; 20Oug/ml); growth medium incubated at 370 for 72 hr without cells (C; X 100).
has the following history: cells of a subclone (Fu5-5) of Fu5 were used in a cross performed for other purposes. Among the clones isolated in this cross was 2s Fu5-5cl.1, which was subsequently recloned to give rise to 2s Fu5-5c. 1E. As indicated in its designation, cells of this clone contain twice as many chromosomes as Fu5.
Hybrids between 2s Fu5-5cl.1E and 3T3 were prepared by treatment of a mixture of parental cells with 500 hemagglutinating units/ml of UV-inactived Sendai virus, as described by Coon and Weiss (20) ; the treated suspension was inoculated at low cell density in 10-cm petri dishes in Littlefield's selective medium (22, 23) , in which the thymidine kinasedeficient 3T3-4E cells are unable to proliferate. Hybrid colonies were visible after 5 days, and were isolated after 14 days. One hybrid colony was isolated from each of four different petri dishes; one of them (3-2FV) was contaminated with hepatoma cells and was therefore recloned; two subclones (3-2FVa and 3-FVb) were isolated.
For assay of albumin in the culture medium, the number of cells of different types initially seeded was adjusted so that each population would just approach confluency at 72 hr.
The hybrid cells are larger than either of the parent cells and 3T3 cells are larger than Fu5 cells. Therefore, 2 X 106 Fu5, 1 X 106 2s Fu5-5c1.1E, 1 X 106 hybrid, or 1.5 X 106 3T3 cells were seeded in 250-ml tissue culture bottles (Falcon plastics) with 16 ml of growth medium per bottle. After incubation at 370 for 72 hr, the medium was collected, and the cells were removed from the bottles with trypsin and counted. The numbers of cells per bottle at the end of 72 hr with the media shown in Figs. 1, 2, and 3 were as follows: (parental cells) Fu5, 13 x 106; 2s Fu5-5cl.1E, 2.8 x 106; 3T3, 107; (Fu5 x 3T3 hybrids) 3F11, 4.1 x 106; 3F12, 2 x 106; 3F14 and 3F15, 2.5 x 106; 3F16, 3 x 106; (2s Fu5-5c1.1E x 3T3 hybrids) 3-2FIII; 3.7 x 106; 3-2FVa, 2.4 x 106; 3-2FVb, 4.5 x 106; 3-2FVIII, 2.2 X 106. The medium was dialyzed against 1 mM potassium phosphate buffer (pH 7.4), then lyophilized; the residue was redissolved in a small volume of distilled water. These concentrated media were examined by immunodiffusion for the presence of MSA and RSA.
The extract of 3T3 cells is a 109,000 X g supernatant of 41 X 106 cells that were frozen and thawed three times in 0.5 ml of 25 mM barbital buffer (pH 8.2).
Commercially obtained rat and mouse serum albumins (fraction V, Pentex) were electrophoresed on a 5-mm thick slab of 0.8% agarose-6% acrylamide gel in a Tris -glycine buffer (pH 8.7), as described by Uriel (24) , and the monomeric albumin band (which stained with bromophenol blue) was cut from the gel and homogenized into a paste. The proteins were freed from the acrylamide gel by three consecutive washes with distilled water; after each wash, the acrylamide gel was sedimented by centrifugation and the wash was collected. The washes were pooled, dialyzed against distilled water, and lyophilized to obtain the purified albumin. Such purified rat (RSA) and mouse (MSA) albumins showed no heterogeneity by acrylamide gel electrophoresis or by double immunodiffusion against goat anti-rat serum or goat antimouse serum (Hyland), respectively. All Each sample of growth medium from parental and hybrid cells was concentrated at least 100-fold and initially tested by being allowed to diffuse from a central well of an immunodiffusion slide toward six surrounding wells arranged in a hexagonal pattern, containing undiluted and five 2-fold serial dilutions of antiserum. The minimal concentrations of purified mouse and rat albumin that gave a visible precipitin band, when 7 IAI of a solution was placed in the central well, were, respectively, 2.0 ug/ml and 0.4 ,ug/m] (when undiluted and the first three 2-fold serial dilutions of antisera were used). Therefore, when it is stated that there is no mouse or rat albumin present in a 100-fold concentrated medium, this implies that there was less than 0.02 ,/g of mouse albumin and less than 0.004 ,ug of rat albumin per milliliter in the unconcentrated growth medium. However, since the concentration of albumin in the medium is a function of the cell number, the volume of medium, and incubation time, albumin production is expressed as ,ug/106 cells per 72 hr (based on the number of cells present at the end of the 72-hr incubation period).
RESULTS
The two kinds of hybrids that have been studied resulted from crosses of 3T3 mouse fibroblasts with ls (hyperdiploid) and 2s (hypertetraploid) rat hepatoma cells, respectively. The first series of hybrids (3F) was expected to contain 52 chromosomes from Fu5 (of which 25.7 are biarmed marker chromosomes and the remainder are telocentric), in addition to 75.9 chromosomes (all telocentric) from 3T3. However, these hybrids all contained fewer chromsomes than expected (by 7-16%), and in particular, fewer rat marker chromosomes than expected. It has, therefore, been concluded that this deficiency is probably the result of loss of primarily rat chromosomes (13) .
In the second series of hybrids (3-2F), the 2s hepatoma parent contributed twice as many chromosomes as Fu5. Details of the parental and hybrid karyotypes are given in Table 1 . It can be seen that hybrids of this series fall into three classes on the basis of their karyotypes. One hybrid clone (3-2FVIII) has more chromosomes than expected.
The fact that it has slightly fewer (8%) than the expected number of rat markers suggests that the excess chromosomes are of mouse origin. The second class, comprised of two clones (3-2FIII and 3-2FVb), has 15% fewer chromosomes than expected and has lost 20% of the rat markers. The third class, also comprised of two clones (3-2FIV and 3-2FVa), has 25% fewer chromosomes than expected and has lost 30% of the rat markers. If the rat telocentric chromosomes are lost with the same frequency as the rat markers, then the major loss in these hybrids, like in series 3F, is of the rat chromosomes. In each population of hybrid cells there are some new long metacentric chromosomes, which may have arisen by centric fusion of telocentric chromosomes (26) .
The production of rat albumin by both Fu5 and 2s FuS-5cl. 1E (rat hepatoma) cells has been demonstrated by double immunodiffusion of concentrated culture medium (Fig. 1B  and 2B ). It can be seen that the precipitin bands formed between anti-RSA antiserum and the concentrated media fuse completely with those formed between anti-RSA antiserum and purified RSA, which demonstrates that the protein produced by the hepatoma cells is serologically identical to RSA.
On the basis of quantitative assays by microcomplement fixation (which will be discussed in a more extensive publication), Fu5 produces 4-5 4ug of RSA/106 cells/72 hr, and 2s FuS5-cl.1E produces twice this amount. Figs. 1A, 2A, and 2A' show that neither of these cell lines produces material that crossreacts with the anti-MSA antisera.
Neither concentrated medium nor extracts of 3T3 cells contain material that reacts with either of the anti-albumin antisera ( Figs. 1 and 2) . If the sensitivity of the antisera is taken into consideration, it can be concluded that 3T3 cells produce less than 0.03 ug of MSA/106 cells per 72 hr, if they produce any at all.
The 5% fetal-calf serum present in the growth medium does not crossreact with either mouse or rat anti-albumin antisera, since there is no reaction with concentrated (control) growth medium that had not been in contact with cells (Figs. 1, C and D) T.
t The absence of cross reaction between fetal-calf serum and the antisera used in this study has been verified by testing a wide range of concentrations of fetal-calf serum (containing 0.0004-400 mg of albumin/ml). Moreover, adsorption of the antisera with polymerized proteins of fetal-calf serum (25) did not modify their specificity or reactivity.
The types of albumins produced by the different kinds of hybrid cells are given in Table 1 , and the results of immunodiffusion tests of concentrated media from most of the hybrid clones are shown in Figs. 1, 2, and 3 . All of the eight 3T3 x Fu5 hybrid clones that have been tested produce only rat albumin (immunodiffusion tests for five of these hybrids are shown in Figs. 1 and 3) . Therefore, in these hybrids, the rat-hepatoma genome continues to direct the synthesis of rat albumin, but there is no induction of the fibroblast genome that results in the production of mouse albumin. Quite different results were obtained with the five hybrid clones that were isolated from the cross of 3T3 and 2s hepatoma cells. As shown in Table 1 , the different karyotypic classes that were described above each have a unique phenotype with respect to albumin production. The first class, represented by one clone (3-2FVIII), produces both rat and mouse albumins (Fig. 1, A and B) , the two clones of the second class produce only mouse albumin (Fig. 1, C and D, Fig. 2) , and the two clones of the third class produce neither albumin (Fig. 1, C  and D) . The identification of the albumin(s) produced by the hepatoma and hybrid cells is demonstrated by the complete fusion of the precipitin bands formed between concentrated media and specific anti-albumin antisera with those between anti-albumin antisera and purified mouse or rat albumin. In no case have spurs been observed. Moreover, concentrated media that fail to show precipitin bands with anti-albumin antisera do not interfere with the formation of neighboring bands. The identity of mouse albumin in the medium from hybrid cell cultures has been verified by use of rat anti-mouse albumin antiserum (Fig. 1A') , as well as adsorbed antimouse albumin antisera from two different rabbits.
Despite the fact that the immunodiffusion test used in these experiments is only qualitative, it is possible to determine the threshold of sensitivity of the antisera (see Methods measurements have not yet been performed on the albumin production by 3-2F hybrids.
DISCUSSION
The induction of mouse albumin production in hybrids between rat hepatoma cells and mouse fibroblasts clearly demonstrates that in mammals a cell type that does not express a particular function as a result of the path of differentiation it has followed still has unaltered genetic information for this function, and can express it. In addition, this specific "gene activation" in interspecific hybrids indicates that the regulatory signals in the rat cells for albumin synthesis are recognized by the mouse genome. Moreover, the fact that activation of the mouse fibroblast genes for albumin synthesis occurs in hybrids in which the hepatoma gene is not expressed may be interpreted as evidence for the existence of a heritable regulatory element for the activation and maintenance of albumin synthesis that is independent of the structural gene.
When the significance of these results is considered with regard to the potential for reversal of the differentiated state in normal somatic cells, two points must be mentioned. The hybrids are obtained by fusion of cells of established heteroploid The observation that mouse albumin is produced by hybrids only when the relative genetic contribution of the rat hepatoma parent is increased suggests that gene dosage plays an important role in phenotypic expression in hybrid cells. An effect of gene dosage has been observed in other types of somatic hybrids. Davidson and Benda (27) observed that while the inducibility of glycerol-3-phosphate dehydrogenase in Is glial cells is lost when they are hybridized with fibroblasts, there is a slight inducibility of the enzyme in hybrids made between 2s glial cells and fibroblasts. Moreover, pigmentation is not systematically extinguished in hybrids between 2s melanoma cells and fibroblasts (28) .
In the case of albumin, the similarities in the karyotypes of the hybrid clones that express the same phenotype, as well as the extremely high number of chromosomes in all of them, suggests that the expression of specific genes may depend on the relative numbers of regulatory and structural genes (gene or chromosome balance), rather than merely on the presence or absence of the appropriate genes. (Two well-documented cases where chromosome balance influences phenotypic expression are sex determination in Drosophila melanogaster and trisomy in humans). While it cannot be excluded that the absence of either type of albumin is due to loss of the appropriate structural gene, this hypothesis appears unlikely since all eight of the hybrid clones of the 3F series produce rat albumin and none produces mouse albumin, in spite of the fact that there appears to be very little loss of mouse chromosomes.
As was mentioned above, the majority of specific differentiated characteristics that have been studied are not expressed in hybrid cells. The synthesis of albumin is one of the exceptions, although it is synthesized at a level lower than that in the hepatoma cells. The observation that rat albumin is produced by all the hybrids between Is hepatoma and 3T3 cells, while two other specific liver characteristics, production of tyrosine aminotransferase (13) and aldolase type B (14) , are not expressed, indicates that the production of albumin is not coordinated with that of the two enzymes. 
